Abstract. Thin wires required for a new type of superconducting level sensors are investigated in some virtual situations. The sensors are composed of an MgB 2 wire with metal sheath and a non-superconducting wire, which are located in parallel and connected in series, to determine a level of liquid hydrogen in a container with higher reliability. The operations of the level sensors during refill and discharge of liquid hydrogen are simulated numerically by solving a onedimensional heat balance equation. The wires have a metal material with almost constant dependence of resistivity on temperature such as cupronickel or stainless steel. The wire lengths are assumed to be 1 meter. By using the obtained numerical results, the optimum compositions of the MgB 2 and non-superconducting wires are discussed for several parameters such as materials and volume fractions of metal sheaths, temperatures of pressurized liquid hydrogen, and conditions of evaporated gas.
INTRODUCTION
Hydrogen economy has been expected as one of the promising candidates to solve both the recent energy and environmental problems simultaneously. Liquid hydrogen would be utilized in the hydrogen economy especially for its transport and storage because the density of liquid hydrogen at atmospheric pressure is much larger than that of gaseous hydrogen compressed up to 70 MPa, which is a maximum pressure for a storage tank mounted in a fuel cell vehicle to become available soon [1] . Superconducting (SC) level sensors with MgB 2 wires have been developed to observe the amount of liquid hydrogen in a container continuously [2] [3] [4] [5] [6] [7] . Figure 1(a) shows the illustration diagram of a conventional type of SC level sensor [2, 4] . When a suitable current is applied to an SC wire located vertically, the parts of the wire in cryogenic liquid and gas become superconducting and resistive states, respectively. In this case, the terminal voltage of the wire is given by a potential drop in the gaseous part and has a correlation with the liquid level. However, the terminal voltage in such a type of level sensor for liquid hydrogen with an MgB 2 wire seems to be affected significantly by the states of gas such as temperature, pressure, and variety [7] .
Our group has proposed a new type of SC level sensor for liquid hydrogen as shown in Fig. 1(b) [7] . The proposed level sensor is composed of an SC wire A and a non-SC wire B, which are located in parallel and connected in series. When a suitable current is applied to these wires, the SC wire responds as same as the conventional type of level sensor in Fig. 1(a) . On the other hand, the non-SC wire has a potential drop from end to end. If the potential drops in the gaseous parts of both the wires are canceled out by subtracting the terminal voltage of the wire A from that for the wire B, the potential drop in the liquid part of the wire B can be obtained and is expected to have a one-to-one relationship with the liquid level due to ineffectiveness for the states of gas. It has also been confirmed in a preliminary experiment that a level sensor fabricated with a relatively short length of MgB 2 wire can detect the level of liquid hydrogen continuously [7] . For realization of the parallel type of level sensors for liquid hydrogen, however, the optimization of compositions in wires with a full-scale length would be required.
In the present study, the operations of the parallel type of SC level sensors during refill and discharge of liquid hydrogen are simulated numerically by solving a one-dimensional heat balance equation. By using the obtained numerical results, the specifications of wires required for the level sensors are discussed from various aspects. 
NUMERICAL CALCULATIONS
In order to simulate the operations of SC level sensors, a one-dimensional heat balance equation along thin wire is discretized by means of a finite difference method. The details of the numerical analysis have already been explained [5, 6] . The specifications of MgB 2 wires used for numerical calculations are listed in Table 1 . The diameter and length of the wire are 0.1 mm and 1 m, respectively. Three different metals such as stainless steel (SS), Cu-30Ni, and Cu-10Ni are taken into account for outer sheath materials in MgB 2 wires because each resistivity scarcely depends on the temperature. Figure 2 shows the approximated curves of heat capacity, thermal conductivity, and resistivity in each material used for numerical calculations [8] [9] [10] [11] [12] [13] [14] . The critical temperature of MgB 2 wire is 32 K. The diameter of MgB 2 filament is assumed to be 1/2 of the wire diameter. Two kinds of fabrication methods for the wire B are also focused on. One is a non-heat-treated wire just after the drawing in the manufacture process of the MgB 2 wire A. The other is a non-composite solid wire for the outer sheath material of the MgB 2 wire A. Therefore, six different pairs of the MgB 2 and non-SC wires are considered in this paper. Table 2 lists some typical situations inside a cryostat with an infill of liquid hydrogen, which include spontaneous evaporation, refill, and discharge of liquid hydrogen. In the case of discharge, gaseous helium that is the only inert gas available around 20 K is sometimes used to pressurize the inside of cryostat to push out the liquid hydrogen as well as gaseous hydrogen. Such an each situation may be characterized by a heat transfer coefficient h of gas, vertical temperature gradient g in gas, and boiling temperature T b of liquid hydrogen under pressure. The reference case for calibration of the level sensor in Table 2 corresponds to the spontaneous evaporation or slow refill of liquid hydrogen at atmospheric pressure, and the parameters of h = 100 W/m 2 K, g = 0.20 K/mm, and T b = 20.4 K are fixed on the basis of the previous works [5, 6] . Case 1 in Table 2 corresponds to the rapid refill of liquid hydrogen, and the heat transfer coefficient and temperature gradient may become larger and smaller, respectively, as compared with the reference. Cases 2 and 3 in Table 2 correspond to the discharges of liquid hydrogen pressurized up to 0.7 MPa with gaseous hydrogen and helium, respectively, and both the heat transfer coefficient and temperature gradient may become larger. Since there is no reliable data for the heat transfer coefficient and temperature gradient in Cases 1 to 3, 25% or 50% of the value for the reference is adjusted in each parameter. The optimum current for SC level sensor is given by a minimum propagating current in the gas, which is inversely proportional to the square root of the resistivity of SC wire in the normal state [5, 6] . Therefore, the optimum currents for the MgB 2 wires with SS, Cu-30Ni, and Cu-10Ni sheaths are fixed at 200 mA, 250 mA, and 300 mA, respectively. The temporal changes of temperature profiles along the wires are numerically calculated during the falling and rising of the liquid level at the speed of 1 mm/s. Since the reproducibility is very good in every calculation and the temperature profiles during the rising have a good agreement with those for the falling at the identical liquid level, the forthcoming figures and tables are plotted by using the data for the level falling. Figure 3 shows an example of temperature profiles in an MgB 2 wire with SS sheath and its non-heat-treated wire. Figure 3(a) represents the case of reference, whereas Fig. 3(b) is the case where the heat transfer coefficient is modified to 150 W/m 2 K. The small input power of 5 mW for heater is added in the upper part of the wire. It can be seen that the normal fronts, which are the boundary between the liquid hydrogen temperature and the local temperature raised due to self-heating, always follow the liquid levels in both the wires A and B. However, the temperature rises for the wire B are quite larger than those for the wire A because of the difference of their resistances. It is also found that the temperature rises in Fig. 3(b) is much smaller than those for Fig. 3(a) because of the increase in the cooling effect. Fig. 4(a) corresponds to a calibration curve for the conventional type of SC level sensor and becomes 0 V at x = 1000 mm. The similar procedure can also be applied to evaluate the outputs in the conventional type of level sensor. Figure 5 shows the output errors in both the parallel and conventional types of level sensors in Fig. 4(b) . The output error !" is estimated by !" = "(!V) " x, where "(!V) is the apparent liquid level obtained from the difference voltage !V with the calibration curve and x the actual liquid level. It can be seen that the output error in the parallel type is smaller than that for the conventional type but quite large. Figure 6 shows the numerical results of output errors in the parallel type of level sensors with six different pairs of wires for the modification of the heat transfer coefficient h in the reference to 150 W/m 2 K. It can be seen that the output errors become smaller in the order of SS, Cu-30Ni, and Cu-10Ni. It is also found that the output errors for the non-heat-treated wires are smaller than those for the non-composite solid wires. Such a tendency is easily understood on the basis of the magnitudes of resistances in the wires. Figure 7 shows the numerical results of output errors in the parallel type of level sensors with six different pairs of wires for the modification of the temperature gradient g in the reference to 0.10 K/mm. It can be seen that the output errors become smaller in the order of SS, Cu-30Ni, and Cu-10Ni. On the other hand, the output errors for the non-heat-treated wires have a tiny deviation from those for the non-composite solid wires. This means that the materials themselves affect the output errors for the modification of temperature gradient. Figure 8 shows the numerical results of output errors in the parallel type of level sensors with six different pairs of wires for the modification of the boiling temperature T b of liquid hydrogen at atmospheric pressure in the reference to 29.0 K at 0.7 MPa. It can be seen that the output errors become smaller in the order of SS, Cu-30Ni, and Cu-10Ni. The output errors for the non-heat-treated wires also have a tiny deviation from those for the noncomposite solid wires. However, the rise of liquid hydrogen temperature due to the increase in pressure seems to have a minor influence on the output errors of level sensors as compared with the modifications of the heat transfer coefficient and temperature gradient. Figure 9 shows the numerical results of output errors in the parallel type of level sensors with six different pairs
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(c) of wires for three cases of situations listed in Table 2 . The maximum output errors !" max obtained from Fig. 9 and the adjustment factors ! ref are also summarized in Table 3 . It can be seen that the output errors in Case 1 are much larger than those for Cases 2 and 3. This is because both the effects of the increase in heat transfer coefficient and the decrease in temperature gradient enhance each other in Case 1. Therefore, the output errors in Case 1 become smaller in the order of SS, Cu-30Ni, and Cu-10Ni, and the output errors for the non-heat-treated wires are smaller than those for the non-composite solid wires. The maximum output errors become minimum in the case of the nonheat-treated wire with Cu-10Ni sheath but it seems to be quite large. Figure 10 shows the numerical results of output errors in the parallel and conventional types of level sensors with another pair of wires for three cases of situations listed in Table 2 . The SC wire A has an inner MgB 2 filament and an outer Cu-10Ni sheath, and the diameter of the filament is assumed to be 1/3 of the wire diameter of 0.1 mm. The critical temperature of the MgB 2 wire is 34.5 K. The non-heat-treated wire with Cu-10Ni sheath is used for the non-SC wire B. The lengths of the wires are 1 meter. An optimum current of 300 mA is applied to both the wires. In this case, the adjustment factor ! ref is given by 1.07. It can be seen in Fig. 10(a) that the maximum output errors for the parallel type of level sensors become smaller than about 10 mm. It is also found in Fig. 10(b) that the maximum output errors for the conventional type of level sensors become much larger than those for Fig. 10(a) . This means that the parallel type of level sensor is better for reliability than the conventional type of level sensor.
CONCLUSIONS
The operations of the parallel type of level sensors with the MgB 2 wires inside the cryostat with an infill of liquid hydrogen were simulated by solving numerically the one-dimensional heat balance equation as well as the conventional type of level sensors. Some typical situations inside the cryostat such as spontaneous evaporation, refill, and discharge of liquid hydrogen were taken into account in the numerical calculations. The compositions of wires were variously changed to understand how they affect the outputs of the level sensors. It was found that the combination of the MgB 2 wire with Cu-10Ni sheath and its non-heat-treated wire was most suitable for the parallel type of level sensor. The output errors for the parallel type of level sensors were also much smaller than those for the conventional type of level sensors.
